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Summary 
ai gh - speed motion p ictures were taken of iniividual 
f;~e l sp r ay.s f rom a pump i nje c ti on syster:l . The changes in 
the spr o.y-tip penetration with changes in the pump speed , 
injection-v alve op en i n G and c losinG pressures, discharge -
orifice aroa , injecti o ~- tube lengt h and diamoter, and 
pump throttle setting were measure d. The pump was ' usod 
with and without a cho c k v a l ve. I n addition, the effects 
of ti.1G variaQlos on the timo lag and duration of injoc-
tion wero determined with an oscillo scop o . The results 
sh ow t ha t t h e p e n etration of tho spray tip, the time laG 
of injectio~ , and the du ration of injection c~n be con-
t rolled by tho dimensions of tho injection tube, the area 
of th o disc'w.rge orifice , and the injection-valvo oponhlg 
and cl~s in g pr ess lr e s. 
Intro duction 
To de t e r mi n e the suitability of a g i von type of injec-
ti on system f or high-speed compression- ignition e::ginen, 
it is ne coss a ry t o kn ow t~o operating characteristics of 
tho syst em . On e of the lllos t i mp ort o.nt charnctoristics to 
be investigatod is the fo r mati on and the devolopment of 
the fuel sp ray . Duri ng t~ e l as t five yoa~s the ~ationnl 
Ad v i sory Cammi t t ee f or Ae ro :1D.1l tic s he G publ:. shed consi der-
ab le in f or mat ion on the ef:ects of the v~rious factors 
which control the formation nnd the devc lopnen t of the fuel 
sp r ny . Investi gat ions hn e been coniucted with a mec~nn­
ically op er ate d injection valvo and with ~ltornatic injec-
tion v ~lves . In these investigations it w~s nocoss~ry to 
ope r ~to tho injection systo~ from a constant sourco of 
p ress u re bec.~so tho pur pos o of the tests was to invosti-
g~t e tho effects of such vnrinbl es ns the injoction pros-
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sure, the sp ray-chamber density, and the discharge ori-
fice design . 
With pump in jection systems, however, the injection 
pressure varies with . pump sp eed a nd in some cases with the 
fuel quantity ctelivered . Tosts alre a.dy conducted (refer -
ence 1) have shown th~t the injoction p ressures affect tho 
pen etrati on of tho fue l ' spray dUJ.'ing tho f 'irst few thous-
andths of a second . As this is t h e time available for in-
j ectio n in a h i gh- speed compre ssi on-igni tio n eng ine, it is 
i mp ort a nt to kn ow h ow the pressure variations in a pump 
injection s yst e m will affect the f uel - sp r ay penetration 
a n d dispersion . It is a lso advantageous to k now the ef-
focts of such .variables as the injection- tube length, tho 
injection- tub ~ diameter , the discharge orifice diameter, 
a nd t ~ e injection-valve opening and closing pressures on 
the p enetration and dispersion of the fuel spray . 
This report pres ents the results obtained from an in-
ve s ti gation luad e at the Lang ley A:e morial Aeronautical Le.b-
orator y , L a n gley Fie l d , Va., to determine the effect of 
pump speed, the dimensi ons of the injection tube, the pump 
throttle setting , the discharge orifice diameter and the 
adjustment of the injection valve on the start, duration, 
p enetration , a nd dispersion of t h o fuel spray . As far as 
wa s prac t ic able the tost condi ti ons were tho' same as those 
used by Rot h rock in his investigation of the hydraul ics 
of f uel - pump injection systems . (So o r eference 2 .) The 
injection valve and tho f uel pump were tho same as those 
de s cribed in reference 2. The pUIl!P was tested with and 
without a check v a lve. 
Apparatus and Methods 
A diagranmatic a.r rangement of the apparatus used in 
this i nvestigation is shown in Fi gure 1. This apparatus 
is a modificat i 'on of the N . A . C . A. sp ray photographic 
equ ipment (refe r ence 3) used in t aking high-speed motion 
pictures of a sin61e sp r ay dischar g e from a common-rail 
system . Two modi fications have be on made: a change' fro m 
the common-rai l s ystem to tho pump systen of injection, 
and a change in the spray chamber so that cont-inuous in-
jections from a fuel pump into the comp ressed air would 
not fog the chamber and prevent photographs from being 
t~~en of a single spray. 
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In the modified spray c hamber (fig . 3) a funnel was 
a rrang ed in f ront of t h e nozzle to deflect tlle sprays into 
a r ese r voir . Releasing the funnel catch allowed the fun-
nel to dro p l) elow the nozzle and parmi tted t:ne spray to 
enter the spray chamber . With the proper timing the fun-
no l uncovered the valvo nozzlo betweon pump discharges so 
that there was no interforonc o botweon the spray and t~e 
fU::lTlel . 
The pump tested was a six-cyli nder commercial fuol 
pump . A cross section through one of the cylinders of the 
pU:'!lP (fi g . 2) shows its construction. The outlets from 
five of the :pump p lungers were by-passed to the oil reser-
voir and t~e sixth was connected to the injection valve 
with a seamless steel tubo havin an outside diameter ap-
proximately twice tho inside d ianotor. 
The injection p u mp was rotato d by a variable-speed 
eloctric motor and was connocted to the ca~shaft through a 
jaw clutch . The carr: sha ft rema ined stationary until en-
gaged by t h is clutch . It the n made one revolution with 
the p".lmp shaf t . Du ring this revolution of tile camshaft, 
tlle fUllnel catch Wa.s rele a sed; the rotar y switch complet~d 
the electric circuit be tween the condensers and tho spark 
gap . The r ot <1,ry sw i t ch and t h e pump wor 0 t i ma d wi th tho 
serrate d coup ling so that t ile spr ay was syncilronized wi th 
t he disch ar ge s of the condensers. The injection-valve 
clos i ng p re ssur e i ~ st ead of opening pressure was measured 
bec aus e of the great er accu.r acy of t:'lis measuroment. (See 
r efer ence 2 . ) The injec t ion- valve opening pressure was 
apI) ro x i matel y 1 . 4 ti mes t:l e closing pressure . 
The fue l oi l used had a specific g r avity of 0.83 and 
an absolute viscosity of 0 . 022 poise at 100 0 F. 
Unless othe rwise stated, all tests wero made with a 
0 . 020- inch diameter orifice and a 34-inch injection tube. 
The dischar ge orifice l e n g th- diameter ratio was 6:1 in 
all t e f; t s . 
Til e procedure for taking a spray photograph was t::le 
S11me f or all tests . The pump was brought up to the de-
sired sp eed an d t h e thrott l e opened for a few revolutions 
to exp el all a ir from the injection line. Air was then 
blow21 through the spray c h ambe r to clear the glass walls 
and to remove susP Gnded oi l partic les. Tho air pressure, 
with the exception of one test, wa s raised to 200 pounds 
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pe r square inch , ~ density of 1 . 1 pounds pe r CU01C foot, 
which is equ iv a lent to the density in the combustion cham-
ber of ~n e ng ine operating at a co mp ression ratio of 14:1, 
and t 1e funnel was raised and l atched in position . Jhen 
the d esired film- drum speed Was reached the pump throttle 
wa s again openod . and after sever a l revolutions of the 
pump tho clutch was engaged . A p ro gre s sive series of pho -
t o graph s was thus recorded of the spray development. From 
these records the spray- tip penetration curves we re ob-
t ained . 
Stem- lift records of the injec ti on- valve ~tem were 
a l s o taken in a few cases to determine the movement of the 
v a lve stem unde r the p re ssur e conditions in the injection 
v a lve. Th e method was the same as described in reference 2. 
An oscilloscope (reference 4) Was used to determine 
t h o start and duration of tho spray when injected into the 
at mosp here . T~ e curve of the pump cam and the peint at 
wh ich L1B p ump by- pas s port closed for t h e start of injec -
tion have l een g iven in reference 2. This p oint, 132 0 o f 
pump-c am travel , was used as a r eference for p lotting t h e 
~scillos cope d a ta in pump de grees. 
Test Results and Discuss ion 
s P l' a y - tip Pen e t l' a t ion 
The resu lts of the test s are shown by g rap hs all wh ich 
the p enetration of the fue l sp ray-tip in the s p ray cham-
ber is p lo t ted ag ainst time . Tangents to these curves in-
dic a te t ~e rate of p enetr ati on of t~e sp ray tip. A sepa-
r e te curve is p lotted for each variable and the ef f ect of 
the variab le on spray- tip penetration is noted~ Each 
curve is p lotted from two or three tests under the same 
cond itions. Additional checks were made wh en large varia-
tions app eared . Zero ti me on tho g r8,phs refers to tho 
start of t"10 sp ray from the orifico. 
~.ffect-2...f Eum12.._~ed .- I n reference 2 it was sh own 
that varyin g the pump speed added t o the initial p ressure, 
ap p roximately t ;n e valve - closing p ressure, in the injection 
tube insta tan eou s v a l ues of p ressu re p ro p ortional to t~e 
velocity of t he. p UFJP p lunge r. As the initial p ressure was 
in c roased the ratio of the p ressu res created by tho motion 
TI.A.C.A. Tecbnic a l No te Eo . 395 5 
of tbe pump p lunge r to the. total pressure at any instant 
decreased. It has also been s~own in references I and 5 
that both the maximum injection p r essures and the injec-
tion-val ve op e n ing pr essure aff ect the spray-tip velocity. 
However, gs t~e rate - of - p ressu re r ise, after the injection 
valve ope n s, de cre as es or a s the ratio of the maximum pres-
sure to t h e inje ction- valve openi ng pre ssure decre3ses it 
can b e exp ect ed that t he e ffec t of the injection-valve 
opening prossure on t ho sp ray-tip pen e t ration will in-
creas e and t he eff ect of t h e maximum pr essure will de-
croaso . We can t h erefore exp ect t hat, in gene r al, as the 
injection- v a l ve op ening pressure i s increased the offect 
of p ump sp e ed on sp ray - tip pen etration will decreaso. 
In referenc e 2 it has also be en shown that as the pump 
speed is decreased a speed is reached below which the p_es-
sure waves origin a ting at the fuel pump arc not sufficient 
t o h o l d t h e injection- v a l ve stem fro m the seat . This value 
of speed depends on t_ e i nj ecti on-pump plunger diameter, 
the pump - c am contour, the injection-tube diameter, t:i1e in-
it i a l p res sure in the injection b.1.oe , the injection-valve 
opening and closing p ressu r e s, and the pressure into which 
the discnar g e tak es p lace . I t is, within practical liI:l-
its , indep e nd ent of the injecti on- tube length. For speeds 
below this v alue t~e injection-val ve st em will tend to os -
c illate, t he reby op ening and closing the injection valve. 
The phen omen on is sometimes accompanied. by a chattering 
of the injection- valve st em a gains t its sOat during the in-
jection p eriod . Whe n this phenomeno n occurs the fuel dis -
charge i nst ead of c onsisting of 2. single spray will con-
s ist of t wo or Doro indivi dual spr ays following each other, 
g onerally in quick succession . Under cortain circumstancos 
tho "'tern rna;)' not lift suff icion t l y to expose 2. flow arca 
greater t han tho d isch ar g e ori fi ce area. In this caso tho 
., tem and co a t to Gothe r a ct 2. S a. var ia.ble - c.rel). orifico. 
Du o to restriction to fl ow t ile s p r ay will not nc.ve t:l.O 
penetratin& ability ' p ossi b le wer~ the stem fully liftod. 
The effect of pump speed on t he sp ray-tip pene~ra­
ti on at an i nje ctio n - valve c l osing pressure of 2,000 
p ound s per square inch is sh own in ~i gure 4 . In no case 
was there evi d e n ce o f p ri mary sp rays beforo the main 
sp r a y at pump sp ee d s ab o"vo 760 r op.m. T:le variation in 
maximum pressures and in t he rate-o f - prossure rise was 
suffi cient to cause the spray-t ip l)enetratien to incroase 
wi th pump sp oed. 
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Figure 5 shows the o i foct of low p ump sp eeds on the 
spr a y - tip p onetration at an injection-v a lve clo 'sing ~res­
sure of 2 ,5 00 pounds pe r s qua~o i nch . The figure s~ows 
t hat at tl e two 10Vver sp o eds p ri mary sp rays ap peared be-
f ore the Dl[.'.in sp r ay . ThonG p rimarY sp rays were caused by 
the seatin& of the injGct~on-valvo s tem after t ~ o initial 
oponing . After the sec ond lifting of the stem the pros -
s~re was sufficient to k e op t h e injection- valve stem off 
i ts s eat . I f the main s p rays at t h o two lowor sp eeds are 
cO lfi:pared with those at the hi gher sp eeds (fig. 5-]3 ) it is 
s e en that the p enetration of the main , spray is n ot appr e-
c i ab l y a f fected. by the p ump speed. It may be concluded 
t ~at in this cas e th e i n j ecti o n -v alve closine p ressure wa s 
suif icient l y ~igh so that the e ff ect of tho rate-of-p res-
su re rise an d maxi mum pres suros h ad no appreciable e ff ect 
on the s~ r ay- tip pOl etration of t h o main sprays . 
At lo w p ump sp eeds and wit h an injection-valve clos-
in~ p ressu~e of 500 pounds p er square inch, t~o rate-of-
. p r es s -lHo rise and tho maximum pressures me,terially influ-
o n ced ,thc p enotration (fig. 6). At t ~ e two lower spe eds 
p ri mary sprayn oc curred . 
Fi gure 7 shows a sp r ay photo g r 2..p h and ste m-li ft rec-
or d tak en at a PUP1P sp e~ d of 1 9 0 r. IJ . m. vr:i.th at mosp heric 
p re ssure :_n t h e s) ray c h a r!'lb er . The s mall lines a t the 
top of t 11e s t e I.: - li f t rec ord were c au sed by a sp e.rk g ap 
p l a c e d i n ser ie S with the Dai u g a p f or taking t h e photo-
g rap hs . Co n soqu ently , each l~Ln e corresp onds to a sp ray 
P110 t og r ap h . Ee cause the s t e rn r ec ord ext ended f or more 
tha n a s in g l e revol u tion of t h e fil m drum t h o sp ray photo -
gr aphs anc1 t :lO stem record aro not synchronized . The in-
jection- valve stem oscillated , t hus op ening an d closing 
t he injection v a lve ['..nd c au sing a series of sprays . Tho 
b 0U11C ing of C l e ste m Was 01 i min a t od whon tho chamber pr e s-
s u re WaS i n cre fl, sed to 2 00 poun d s p er square inch, boca,use 
of th e ad~i t i o_al fo rce on the s t e m. However, when the 
p u mp sy ee d wa s decre a sed to 108 r. p . Li . (fig. 8, the 'b ou nc -
i ng of the stem durin g t : e whole i n jection p eriod a g ain 
o c c u rred though the cha~D or p rossu re was 200 p ounds p er 
square inch . Comy arison of li'i guros 7 and 8 snows that in 
the fo r ma l' the stem li ft and conso Quontly the p rossu res 
were hi g he r than in ~he ~atter . 
~f fe~~ of ini~~iio ~-JL0.1ve closing , pr~ss~~~ .- Fi gure 
9 shows t he ef fect of t h e i nje6tio11- v a lve closing p res - ' 
su re on t he u enetration of t h o tip of t h e ' ma in sp ray for 
a p u np speo d of 4 70 r . p . m. The records s h owod t h at t h ere 
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ware p rimar y sp ray s with i nje c tio n-val v e closing pressures 
or 1, 500 p ounds , per s qua re inch or ereater. The figure 
shows t h at the p e net rati on o f t h e main spray increases as 
the i njection- valv e c lo s i ng p ressure wa s increased until 
a v a l ue of 1, 500 p oun d s p e r s quar e inch is reached. For 
t hi s p re s sure the spray-tip p enetr ati on decreased. As the 
i nj e cti on - val v!3 c l 'o sing p r 0 s su r e was further increased the 
p0ll otra~i o n a g a i n inc r ease d. The decre a se in the penetra-
t i on a t t h e inj e cti on - valve closi ng p re ssure of 1,500 
poun d s p or squar e in ch Wa s p robabl y cau s ed, by tho injec-
t i on - v ulve stem thro tt l ing the flo w of f uel past the valve 
s e e,t . Ab ov e this i nje c t i on-valve clo sing pressure, al-
t h ou gh thr o t t l ing st ill occurred as has been shown in ref-
eren ce 2 , the p ressur e at t h e star t of i njection was suf-
fi c ien t to g ive t h o sp ray the in c r eased penet r ation. 
The p e n etration of b o th t h e primary and main sprays 
f or t h e injection - val ve closing p r essur e s of 1,500 and 
2 , 000 p oun d s p e r squar e inch is s hown i n Figure 10. It is 
s ee n tha t the p r i mary. sp ray as wel l as the mai n spray 
penetrate d at a f as ter rate as t he inje c tion- valve closing 
p re s su re wa s increas e d . 
§ i gure 11 sh ows t h e e f fect of tho injection-valve 
cl o si ng p re s su re on t he sp r a y-ti p penetration for a pump 
speed of 7 60 r . p . m. No p ri mar y sprays were observed at 
t h is s pe e d . Eo ~av e r, as was ~h o c ase wi th 470 r . p.m., a 
min i mu m p enet r a tion occu rred a t a parti cular injection-
valve closi ng pr o s s u re , 2 , 000 p ounds pe r square inch. 
At low injection- v a l ve closing pressures and a pump 
sp e ed or 760 r . p . m. , it wa s shown in ref e rence 2 that the 
pres su re - VT ave p heno men on caused se condary discharge after 
cut - off oc cur red a t the fue l pump . Secondary discharges 
rl i d. n ot o c cur wit h th e h i ghe r inje cti on-valvo closing 
p r e ssu res . Th e photo g r ap hs sh owe d thes e secondary dis-
char ge s wit h t h e low v a lv e c losing pressures. but bocauso 
of t~ c fogb i ng of the c h a mb er t ho photogr aphs were not 
c lo a r en ough to rep rodu ce on a hal f - tone print . 
E(£§..£.~-2L. in .j e,£t i on - tube di a~~t§.r. .- As shown in ref -
er e n ce 2 , it is a dvisab le to u se an injection-tube diam-
ete r e qual t o or sli gh tly g re a ter than the critical tU08 
ftiane t c r so t ha t th e fl ow thr ough the in j ection tube will 
oe lami nar wi th a r e sultan t small pressuro loss causod by 
f riction . F i ~urc 12 - A s h ows t h at the pe n etration at a 
:)ur.1p spee d 0: 760 r . p . -l . waS n earl y the same for all in-
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j ection-tube diamet e rs even when cliE\,meters considerably 
les s th an the critica.l diameter (0 . 09 8 in.) were employed. 
For the conditions shown i n Fi gure 12-A it ~ay be con-
clud ed t~at t ~e injection-valve op e n i ng and cl o sing pres-
sure cont rol lea the spra~ - tip p e n etr~tion. 
For the :pump sp eed of 470 r . p . m. (fi ~; . 12-B) the 
s:rral1er tub e e ave the lower spr ay-tip p enetration. As t h e 
t e st conditions cau sed pri mary starts a t t h e b eginning of 
t ~e sp ray (fig . 10 ) the drop in rate of penetration was 
p rob abl~ dUB to thoir formation. 
To illustrate the influence of these primary sprays 
in t il is inst ance . a comp arison of Fi guro 10 with Figure 
1 2-B S~ O TI S tla t the primary spray p enotration for tho 
0 . 07 6-inch tube falls below the cu rve for tho primaries of 
t h e 0 . 041- a.nd 0 . 059 - inch a.iar.10ter tubes , indicating low-
er penetration for the 0.076- inch tube . Howev e r. the main 
sp r ay for the 0 . 07 6- inch tube shows greater pene t ration , 
The sp ray photo grap hs for the 0 . 041- and 0 . 059- iD C~1 lHam-
et e r tubes show primaries but the main sp r ~ ys a re n ot 
cle ar enough to be measured directl y . Me a su reme n t of the 
clearest main sp ray (0 . 0 59-inch tub e) shows the main sp ray 
pen etration to be the same as that f or the 0 . 07 6-inch tube. 
Th e incr ease in penetration for t h e Oe125-inch tube 
(47 0 ' r. p . mft ) is due to laminar flow which e:x.i st e:; in the 
t u-o e . As s'_ o\1n in reference 2 , tur 1)ulent flow in a tube 
re sults in friction an d p ressu re l os s es wh ich Give a low 
initi a l ste ffi li f t and a slow rise i n p ressu re at the in-
jection valve. Both conditions eid the f or mation of pri-
mary sp r ay s . With laminar flow t h ese c ond i tion s are l ack -
ine: a.nd a f e.stor r a te -o f - pressu.re rise results 'ih icfl in-
cre as es t h e , enetration . 
£lf fe£.t -.9f _~.n.i~9..ti.Q.n::..jfu~+_~ .!l. gt.ho"" Fi g l.re 1 3 shows t~1. e 
e ff ect of t h e i n jection-tube length on t ~e sp r ay-tip p en-
etration . Th o resu l t s sh ow tha t t he re WaR little v ar ia-
tion in t i e sp r ay-tip p e ne trati on fo r tu~ c lBn~~h s betwe e n 
~4 e..nd 70 inch os . 30Ca.U 8 0 of t ho li £::. ta t :Ci,l S of tho app a-
r a tus it '\1C'.B not p ossible to te nt ' i!l jc ctio l! ·tub a lenf:; ths 
of l os s than 34 inches . Ho rr ever, it Wa S sh own in refer-
ence 2 t~at t h e instantanoous p r o ssures showed little vari-
a tion wit h injection- tuba lone t h s of from 4 to 04 inch os. 
Co n s equc ntly it n ay bo assumed that t h o i n ject i on-tu'o o 
lcn gt ~l do e s not h ave a n a:pproci o.b l o e f fect on the p enotra-
tion of tho fuol spray . 
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E.:ff i3_f-L.9...f..-l?:ump-=.J;hr.2-.tY!:...§.. .. ~§.11A!le. - I ncr e a s e in the 
pump - t 11 rot tl e set tin g ( fig . 14) g 0. V e d. e c re a sed pen e t rat ion. 
The injection pe riods for low throt t le sett ings \7ere s>.ort 
but the spray reache d the maximum penet ration that could 
be measur ed before cut -o ff occurr ed. Tho effect of tho 
initial p ressure rise with early cut-off should have a de -
termi n ing e ffe ct on t h e a ction of the spray. From stem-
lift records (roforence 2 , fig . 17) the pressure rise as 
the v a lve stem is f irst lifti ng i s mero r apid at the lower 
thrott le setting . The hi Gher initi a l velocity of tho 
spray ~i ves , therefore, a n increased rate of penetration 
f or the lower thrott l e setting s~ 
~.J}·ect of .check __ y?-lY.JL.in .. B.E-!..n..:p.- With no Check va.lve 
in the pump tile re was a sli ght increase i n the rate of pen-
etration over that obtained by using a chock valve, as is 
snowl1 b;,/ Figure 1 5 . The results without the check valve 
were erratic . In reforonce 2 , Fi ~uro 19, the stom-lift 
curve o·btained wi thout a check valv o in the pump shows a 
f e. ster r a te of stom lift than wit h a chock valve, indicat-
ing a g reater pressure ris e an d great er initial s)ray-
ti p velocity than tha t obtain e d wit h a check velve. in the 
pump , but the inj e ction pe riod wa s mate ri ally decreased . 
HO'i'iever , l ater resul t s have shown that removing the che c k 
v a lve also decr e ase s the tot a l fuel quantity discharged . 
With no che c}~ valve bet170en the pump and the injec:'" 
tion tu'Je , tho tub e o ften became air-locked causing a 
pulsatine flow in the injection tube, but no injection. 
Tho ai r lock was p robab ly cause d by air loal::agB from tho 
spray clamber past the injection valvo seat. This air 
lock p ersisted even after t he inj oction- valvo closing 
pressure had boon raised to 4,500 pounds pOl' squaro inch . 
The other five p l unge rs woul d discharge regularly into 
the oi l reservoir . Wit~l the check valve in the pump, any 
air in the line was forced out duri ng the first few revo -
lutions . 
Effe£L2.L...Q~_~Q..~.?_J.§.. .- The open nozzle used in t1.ese 
tests Was fitted with a ball - check valve close to the aoz -
zle to p revent lea~age of air int o the injection line, ~s 
recommended in refore n ce 7 . With the check valvo in the 
pump a m.arked increase in the rate of p e netration was 
noted at 760 r . p . m. (fig . 1 6) over that obtained without 
the c~eck valve . The increase at 470 r.p.m. was not so 
n oticeab le. The increase in rate of penetration was due 
to t:rle f ac t that the closing of t ~e check val ve trapped 
an init ial pressure in the injectio n line equal to the 
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s p ray - c hamber p resDu~e. ~his initial pressure aided in 
buildi ng u p ~igher p ressu res in t h e injection tube. Fur -
thermore, t~e check valv e lessen e d t h e p robability of the 
f or mation of an air poc k et in t h e in je ction line. 
Th o p enot rat~ on ob tain e d wit h t h e op on nozzle with 
a n o_ wit:i.lout the check v a l ve o.. t the pump was loss than that 
o bt ained with the closed n o zz l e ' u n der the same conditio n s. 
E( f.2.9.i.-.9J orifice d i ame~.~L.- Figure 17 shows the re-
sul t s obtained with a 0 . 030-i nch diameter orifice at pump 
speeds of 47 0 and 760 r.p·. m. These cur~es sh ow a lower 
r ate of p e n etrati on than the corresp onding series for the 
0 . 020- inch orifico (fig . 15- B) an d the photo g r aphi c roc-
or d sh ows a decrease d injecti on period . 
Values for the in stantane ous pressur es (fig . 18) at 
tno orifice , c omputed by the mot:-nod present od in roference 
2 , sh ow that with the 0 . 020-inch orifice tho instantane-
ou s p ressures wer o much h i ghe r t han with the 0 . 030- inch 
Ol'lIlce . T-lose h i gher p ressur es resulted i!l a hi gher rate 
~f p e n e~ration for the smal ler or ifice . 
Ti De - Lag a n d Durati o n o f Injection 
Curves were p lotted f ro m th e os c illoscope data to 
show t ll e followin g : the st a rt of injection , i.e . , the a p -
~ e aran ce o f the ~ irst faint sp ray; t h e beginn ing of tho 
main sp ray; the st op o f t h e ma in s p ray; and the stop of 
in j ec t io n . 
Tll e p o int at wh ich tho p ump inlet p o r t closod is in-
d ic a ted on a l l LlO g r ap hs at 132 0 of ~ump travel . Tho 
mai ~ sp r a y in n o c a s e start e d below thi s position . When 
injec t ion stG..rtod below this p osition it was cau,sed by t h e 
.L C;,c t that the wave ori g inati n g a t t h e p ump p lun g er was not 
e n tirely dissipated through th e by - p as3 valve . This phe -
nome n on of inje c tion starti ng bef ore t ~e by- pass valve 
closes h as als o been observ e d i n t h e N. A.C. A. sine le-cy l-
i n d. e r p 'l'.mps . It can bo eliminated by enlar g ing the b y -
:! a s s a r ea . 
I ~ tho £ i gures tho solid curves represont t h o start 
a nd stop of injection a n d t h o brok en curves rep resent t h e 
st a rt a nd s t op bf the main sp ray. In some cases where 
th e start of th e main spray was irregular tho points are 
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s~own on the figure but a curve has not been drawn through 
tnem., 
;m.f f ,§.£1._.Q.f pump .. _.?l?_ ~...Q.9:.. - I nj e c t ion 1 ag in pump degre e s 
ciec reased with increase in pump speed (fig. 19) and with 
d ecrease in the injection- v a lve closing pressure. (See 
f i g s. 19 and 21 . ) The injection period in degrees in-
creused for increase in pump spee d and for decreased ' valve 
c lo sing pressure . 
The injection lag in seconds decreased with increased 
pump speed and with dec r eased val ve closing pressure. 
(Seo fig . 20 .) The l a g increased very rapidly as the pump 
speed was dropped below 400 r.p.ill . for both high and low 
v a lve closing p re ssures because of the low intensity of 
t~e initial pressure wave s originating at the pump. Above 
400 r.p . m. tho injection lag tend ed to become indopendent 
of ' the p ump spe cd . 
The d~ration oT the injectio n after tho by-pass valve 
o~ened increased for decreased valve opening pressure. 
Fi ;.:;ure 20 s h ows t lnt durati on ' of. i njection after the 'uy-
pas s valve opened remained at a pproximately 0.003 second 
for t:ne h i gh valve c l osing p ressure and for pump speeds 
ab ove 250' r. p . m. F or the low val ve closing pressure the 
duration of injection after cut-off increased with in-
creased speed .f ro m 0 . 003 second at 250 r.p. m. to 0.0056 
second at 750 r . p . m. T~e increas ed intensity of the pres-
sure waves of the h i ghe r p ump speeds had more effect on 
the duration of injection at the lower valve opening pres-
sures . 
T~e in je c t ion pe riod in seconds decreased very slow-
l y with i n cr eas ed speed ab ove 400 r.p.m. Below 400 r.p.m. 
tile injection p oriod increased r apidly with decreased 
speed , the injection pe riod at 250 r.p . m. and 150 r.p.m. 
being two and thr ee times , respe c tivelY, the injection 
pe riod at 75 0 r . p . m. The total injection period was 
shorter for the h i gher valve clos ing pressure. This re-
sult is in accord wit h the results presented in reference 
2 . 
;m fi.~ £.:t--.2-! i.!bi§.£.:ti..Q n- val v e £.1 o.§.tn.KJ!I~E..§."9:~. - Th e 
v o,lve closing p ressu re (fig . 21) shows a constant initial 
in j ection start up to a valve closing pressure of 1,200 
pounds p e r square inch. An increase in the valve closing 
pressure above t h is value gave a 5° later injection start 
Whi ch remained corisi~~t for th e v alve closing pressures 
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b etueen ly600 and 2i700 poutids ' per square inch. This in-
cre as e in the lag of 50 is eq~iv alent to 0.00011 second or 
t 2C time required by a pressur e wave to twice traverse 
t~e injection ·tub e . (See reference 2.) It may be con-
clud ed · t lat the ini tial wave was sufficient to open the 
injectio:q val ve 'with injection- valve closing pressures up 
to 1,200 p ounds pe r square inch but t ha t for pressur~s 
a~o ve 1, 600 p ounds per square inch it was necessary for 
t~e initial wave to be reenfo rc ed by a re~lected wave . 
The irregularities in the start of the main spray were ac -
companied by irrcgulari ti ·e·s in ·the cut - off and the di sap -
p earance of the sp ray • . 
;m f.f_~_.f.t_..Q..L.i. n ,j e c t i 0 ~.!:E b ~q i ~~£.!: e r • - Th e i 11 j e c t ion 1 ag 
decr eased 8 S t ll e in j ection-tu-be diameter was increased up 
to 0 . 089 inch . ( See fig . 22 . ) Further increase in the 
tu'oe d i amete r caused the lag to increase. Referen 'ce ' 2, 
Fi ~~rc 29 , shows that the crit i cal tube diamete r for both 
450 and 750 r. p . m. is a pp roximately 0 . 098 inch. Below 
t h is value the incre as e in injection lag is caused b y the 
i n creased resistance to flow . Above the critical value , 
Llcrease in injection l ag , is caused by the decrease in the 
i ntens ity of the initial p ressure wa ve. For a dif f erent 
speod f ro m those tr i ed , a minimum should b e expected at a 
p oint corresp onding to tho critical tub e d i amoter for that 
particular sp eed. It is particularly interesting to note 
t ha t incre asing , the injection- tube diame ter decreases the 
t i me lag of the cut-off of the fue l spray after cut-off 
a t the pump . 
~f f.~.f.~-2....~~...i£ctiQ.~-tube len~. - The injection lag 
and inje ction p eriod did not vary with the tube lengths 
of 34 and 74 inches . It is difficult to explain why the 
7 4- i ~ch tube did not sh ow a greater lag than that observed 
wi t:11 the 34- inch tube. The apparent di screpancy is un-
d O"'J,bte~ l y c au sed by the size and shap e of the by- pass pa s -
sages in the pump . 
Eff e c t __ . .9f .~!!ill.:::-..l£lE.Q..t t 1 L§.~~. ti!!.e; . - Excep t at ve ry low 
throttle settings there was no variation in injection lag 
with throttle setting . (See fig . 23 .) The sharp increa~e 
in the injection lag be twe en l/~ ~nd 1/4 throttle setting 
was caused by the variation in th e size a n d shape of t h e 
pump p l unge r passage fo r the by- p assed fue l. 
E ff.§"9..i_Qt_9..hg.:.~g: .. _y.~ly..sLi~:Ll?Am'p.p . • - The e ffe ct of the 
c~ock valve at the pump 6n injedtion lag and injection 
}IT • A . C • A • T e c h!l. i cal 11 0 t e . i:J o. . 3 9 5 13 
P~~i~d : waG quite noticeable~ Table I shows that the i!l.-
ject{on lag' incr ~ased on removal of the check valve. 
This was due to the fact that no initial pressure was 
trapped in t h e injection tube to aid in the building up 
o f p ressu re as has b een exp l ained in referenco 2. 
The dur ati on of injection after cut-off at the pump 
a lso decreased when t h e check valve was removed because 
at cut - off t he pressure in t h e injection tube dropped very 
quickly to the p ressure i n the suctio n chamber. With no 
c~eck v a lve the ittjection l ag did not decrease with in-
creas ed speed , a l though the i n jection 'p eriod was longer 
with a h i gher speed . 
Tabl e I 
Effect of check valve on duration of injection 
Injection- tube leng th - 34 inches 
I rijection- tube inside diameter - 0.125 inch 
Pump sp eed - 750 r. p .m. 
- -._,...-. 
___ '_I--.·_\Y_i._th __ c_h_e_c_l_c_val~X~h~ut_ check valve 
_S_t_6_~r_t ___ o_f __ i._n_j __ e_c_t_i_o_n----l ____ 1_3_0_0 ____ . __ 4---____ 13_8 0 __ -___ _ 
__ ~I~ _1_4_7_0 ________ _ Start of main sp r ay 
- .--- ------------ . e-
I Stop OI main spray 173 0 
--1----------
Stop of injection I 177 0 
- ---------------'--------- ---
Effe.9.LQ.~ :r.. _!lQ .~le .- The i!l.jection lag for t._e 
op en nozzle decreased with i nc rea sed. '9".lT:lp speed and the 
inj e ction per iod incre ased . (See Table IL) ~s tho injec-
ti on-valve closing p ressure of a closed nozzle is reduced 
the characteristics of tlle closed nozzle a;pproach those 
of the op en nozzle . Th ere f ore t he open nozzle data ~re 
comparable to those obtained with t h e closed nozzle with 
a val v e c l osing p ressure of 500 pounds per square incn. 
The op e n nozzle shows a mUC ~l l on ger injection period t~lall 
the closed nozzle at a v a lvo closing pressure of 500 
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p ounds pe r square i~ch . The ahorter : injection neriod of 
the c lose d nozzle is due to the ea~lier seating of the 
v a lve stem alter cut - off. 
'fable II 
Co mparison of dur ati on of injection 
"with open and with closed nozzle 
I njection- tube l ength - 34 inches 
I njection- tube i nside d iameter - 0 . 125 inch 
~osed -:'ZZI:--
I V. C. P.-
, ~500 Ib./sq . i n . 
E. -Open nozzle I --, '--------------,-- ~7~ . p . m . l ' ;5o r . ; . mJ 750 r. p . m. - - -,------- ---- - ------' - ' -- --------+-- ------------
Conc l usi on s 
The test results presented s h ow that fuel-injection 
punps d esigne d for h i gh- speed co mpression- ignition en-
gines have satisfactory operating c haracteristics over the 
speed_ r c.nge '\'1hi ch is encountered und~r load in ordinary 
practico . AG low speeds , such as are used for starting 
and idling, the fu61 inje c tion take s p l ace as a series of 
spra,ys , be cause tho fuol p r essures originating at tho pump 
arc not sufficient to mai ntain high injection pressures at 
the discharge orifice of the in jecti on val ve . The results 
also show that the fue l- spray characterist ics and the dura-
tion and start of injection aro a f fectod -by tho injoction-
tubo diamotar , the injoction- valve opo~ing and closing 
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p re ssures, t:he d isch rage - orff'ice 8.::.'e8" t he p ump throttle 
s et ting , a nd che ck valvee p laced i n the system . 
The particular conclusion s a re: 
1 . Incr eas iri g the i nje ctio n -v a lve opening and closing 
p re ssure increase's the s p ray- tip pe netration, decreases 
the durati on of the injection , and increases the tend~ncy 
for p r i mary sprajs to a pp ear before t he star t of injection. 
2 . I ncreas i ng the p ump . sp eed increases the spray-tip 
pene tration with low injection-valve op ening and closing 
pressures, but ha s li t tle effect o n t he p enetration for 
high injection- valve op ening and closing pr~ssures; de -
creases t h e injection lag; intreas es the durati on of the 
i nje ction i n p u mp degrees; and decreases the tendency for 
pr imary di scllar g o' to occur . 
3 . I ncreasi n g the inj e ct i o n - tube eli arne t er 'fr om a val-
ue below tho critical d~,amete r ·to· a val ue equ·al to the 
critical diameter decreases the time lag of injection and 
the duration of inj'ect·ion . Incr oasi·n·g tIle injection- tub e 
diamet e r f ro m a value equal to the critical diamete r to a 
v a lue g r ea toi than thci c r itical t ube diameter increases 
tho time l a g of injection and decreases the durati on of 
injection . 
4 . I ncreasing the inj e ctio n - tube diamoterdo crea s es 
the timc l ag bet weeI). cut - off at the fuel pump and cut- off 
of the fue l ~p r~y . . 
Langley Memo rial Aeronautical Laboratory, 
National Advisory Committee fo r Aeron aut ics, 
Langle y Ficld , Va., Au gust 24, 1 931. 
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Fig .ll Effect of injection-valve cloning pressure on spray-tip 
penetr at i on. Pump speed,760 r.p.m. Injection-tube inside 
diameter,0.125 i n. Tube length , 34 in. Orifice diameter,0.020 in. 
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Fig.12 Effect of i!ljection-tube inside di8I:1eter on spray-tip penetration. Injection-valve closing 
pressure,2000 Ib./sq. in. Tube length,34 in. Orifice diameter,0.020 in. 
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Effect of inj ection-tube length on spray-tip penetration . Injection-valve closing pres~~e,~ 
2500 lb./sq. i~. Injection-tube inside diameter,0.125 in. Orifice di&neter,0.020 in. 
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